Human lymphoblastoid cell lines persistently infected with measles virus release a heterogeneous population of virions. At least 80% of the infectious particles were temperature sensitive for plaque formation at 390C. Plaque-purified temperature-sensitive mutants from four persistently infected human lymphoblastoid cell lines were shown to be heterogeneous with respect to efficiency of plating at 31 and 390C, as well as to antigen and RNA production at 390C. The heterogeneity was confirmed by complementation analysis in which 21 temperature-sensitive isolates were found to represent at least four of the five previously described complementation groups of measles virus. Two isolates complemented four reference temperature-sensitive mutants. These isolates either represent new complementation groups or are members of the fifth complementation group, group E. The majority of isolates were found to have multiple mutations, and group B mutants (RNA-) predominated. Two temperature-sensitive isolates were able to interfere with production of parental measles virus at both permissive and nonpermissive temperatures.
Human lymphoblastoid cell lines persistently infected with measles virus release a heterogeneous population of virions. At least 80% of the infectious particles were temperature sensitive for plaque formation at 390C. Plaque-purified temperature-sensitive mutants from four persistently infected human lymphoblastoid cell lines were shown to be heterogeneous with respect to efficiency of plating at 31 and 390C, as well as to antigen and RNA production at 390C. The heterogeneity was confirmed by complementation analysis in which 21 temperature-sensitive isolates were found to represent at least four of the five previously described complementation groups of measles virus. Two isolates complemented four reference temperature-sensitive mutants. These isolates either represent new complementation groups or are members of the fifth complementation group, group E. The majority of isolates were found to have multiple mutations, and group B mutants (RNA-) predominated. Two temperature-sensitive isolates were able to interfere with production of parental measles virus at both permissive and nonpermissive temperatures.
Noncytocidal persistent infections by normally virulent viruses have been described in a number of tissue culture systems (23, 26) . Several mechanisms for the establishment and maintenance of the persistent viral state have been suggested, including interferon (14, 27) , defective interfering particles (1, 12) , integrated DNA proviruses (24, 30) , and viral variants or mutants (22) .
We have described previously human lymphoblastoid cell lines persistently infected by measles virus (PI LCL) (15) . Although the majority of cells in the PI LCL cultures showed evidence ofproduction ofmeasles viral antigens and viruslike particles, very little infectious virus was detected by plaque assay at 370C. Growth of the PI LCL at 310C released a highly heterogeneous population of virions, the majority ofwhich were temperature sensitive (ts) for plaque formation at 390C. The ts mutants were plaque purified and shown to be heterogeneous with respect to plating efficiency (PE) at 31 and 390C, thennolability at 450C, and ability to produce viral antigens at 390C.
The phenotypic differences observed among the ts mutants isolated from the PI LCL suggested that the viruses isolated represented a genetically heterogeneous population. To determine whether the isolates from the PI LCL had mutations in different viral genes, selected isolates were analyzed by genetic complementation assays, using five reference ts mutants. These reference mutants were derived by chemical mutagenesis and represent five independent complementation groups (7) . One PI LCL was also examined periodically during the establishment of persistent infection to permit analysis of the nature of the viral mutants produced over the course of development of persistent infection. In addition, ts mutants were examined for their ability to interfere with replication of parental measles virus and for their patterns of RNA synthesis. The possible relevance of measles virus mutants derived from lymphoid cells to the development of chronic degenerative diseases associated with persistent viral infections is discussed.
(Some of the results were taken from a thesis submitted by G 
RESULTS
Complementation analysis of measles ts mutant isolates. In a preliminary analysis of measles virus mutants isolated from four PI LCL (15) , it was observed that the mutants were highly heterogeneous with respect to a number of phenotypic characteristics, including the PE ratio at 390C relative to 310C, thermolability at 450C, and antigen production at the nonpermissive temperature (3900). To determine whether these ts phenotypic variations were the result of mutations in different viral genes, ts isolates were examined by genetic complementation analysis.
ts isolates from the PI LCL with PE ratios less than lo-were screened at 390C for the ability to complement the ts mutations of five reference mutants, each representing one of the five known complementation groups (7) of measles virus (Table 1 ). The five reference ts mutants been found to be the most common class of ts mutants generated by chemical mutagenesis (7) . Group A and group D mutations were not common in the small sample of isolates, and these mutations appeared only in combination with a group B mutation.
Two of the isolates, 9S from WI-L2p,I and 12 T from 8866P,, complemented all four of the reference mutants tested and thus may be either mutants of group E or representatives of new complementation groups. Since complementation with the group E mutant (ts 103) was unsatisfactory, the two isolates were examined for the ability to complement one another (Table  2) . Isolates 9S and 12T did complement each other, indicating that the two isolates had mutations in different viral genes. Consequently, at least one and possibly both of these isolates must represent a new complementation group, the sixth and possibly seventh described thus far for measles virus. Because of the difficulty in obtaining complementation with the group E reference mutant, ts 103, it is not possible to assign either of these mutants to group E. In addition, since the phenotypic characteristics of ts 103 (e.g., antigen and RNA production at nonpermissive temperature and thermolability) VOL. 33, 1980 were not unique, identification of group E mutations in the persistently infected isolates was not possible by phenotypic analysis. Therefore, isolates 9S and 12T have been tentatively assigned to new complementation groups F and G, respectively.
Relationship between complementation analysis and measles antigen production at 390C. A general correlation was found between certain complementation groups and production of measles antigen at the nonpermissive temperature (Table 3) when the persistently infected isolates were compared with the reference mutants. Isolates from the PI LCL assigned to group A or B were found to be similar to the reference mutants (ts 1 and ts 4) in their inability to produce antigen at 390C. All mutants assigned to group C, group E, or the new complementation groups F and G were folmd to be antigen positive. The results in Table 3 confirm the pattern of antigen expression previously reported for reference mutants, with one exception. The group C reference mutant, ts 107, had (15) . In the present studies we examined viral progeny produced by passage of parental wild-type virus through a lymphoblastoid cell line. WI-L2 cells were infected by the procedure used for generating persistently infected lines, except that the MOI was 0.01. After incubation for 7 days at 370C, the total infected culture was harvested, and the cells were disrupted by freezing and thawing. The titer of the first passage through WI-L2 of the combined cell-associated and supernatant virus was 1.45 x 106 PFU/ml, and the PE ratio was 1. Plaque purification of the first-passage stock virus was performed as for the PI LCL and resulted in the selection of 23 isolates, all of which had a PE ratio of 1 Fig. 1 .
Labeled RNA from cells infected with parental measles virus was found to sediment in four major regions; the largest species at 52S represented newly synthesized, presumably viral genome RNA (10), and there was a heterodisperse region at 36S to 50S and two smaller peaks of 31S and 26S. Vero cells infected with the ts mutants generated two distinct RNA patterns (Fig. lb) , which were similar to those reported by Bergholz et al. (4) for chemically mutagenized isolates. Mutant 15S, which produced little measles-specific antigen at 390C, also failed to produce detectable amounts of measles-specific RNA when compared with uninfected control cells (Fig. la) . In contrast, the RNA pattern produced by 15M resembled that of the standard measles virus, with two minor differences. The heterodisperse region of parental virus was replaced by a narrower distribution of an RNA species sedimenting at -45S, and the amount of presumably virus-specific RNA sedimenting at 31S decreased relative to that of other species. The similarity of the RNA sedimentation patterns produced by 15M and parental measles virus was consistent with the interpretation that both viruses induced the synthesis of large amounts of measles antigen at the nonpermissive temperature. Furthermore, the absence of such RNA species in the antigen-negative mutant 15S serves to validate our attribution of viral specificity for these RNA species.
Interference by ts mutants. Complementation analysis of ts isolates from two of the four PI LCL revealed that several isolates appeared to have multiple mutations (e.g., ts isolate 18S from WI-L2pIj). The (25) , and vesicular stomatitis virus (29 (8), suggests the possibility that the immune system itself could serve to harbor viruses in persistent infections and contribute to the latency of some neurological diseases. It is not without interest that the subacute sclerosing panencephalitis agent has been isolated from lymph nodes of patients with the disease (13), and similar isolations from lymphoid tissues have been reported for canine distemper virus (2), equine infectious anemia virus (17) , and visna virus (20) from animals with chronic infections. We have suggested a model for both the latency and the exacerbations of multiple sclerosis based on the production of virus mutants by lymphoid cells (5) .
In our initial study of 72 isolates of measles virus from PI LCL, we observed that the majority of the viruses produced by the PI LCL differed from the parental virus used to initiate the infection, most notably in being ts for plaque formation. It was also apparent that the isolates differed from each other in several phenotypic characteristics.
The availability of reference mutants which were derived by chemical mutagenesis and represented five different complementation groups permitted us to establish the genetic heterogeneity of the mutant measles virus progeny produced by PI LCL. It should be stated candidly that complementation analysis of the measles ts isolates proved to be much more difficult than anticipated, and a number of obstacles had to be overcome.
(i) The length of incubation at the nonpermissive temperature and the method of harvesting had to be varied depending on the reference mutant used. For example, instead of a uniform incubation period of 3 days, as described previously (7), the optimal complementation period ranged from 2 days for crosses involving the group C mutant (ts 107) to greater than 7 33, 1980 unlikely that multiple ts mutants could have been present in the initial inoculum, because of the low MOI used (1 PFU/106 cells) and the failure to detect any ts mutants by plaque purification of the clones of parental stock used for infection, even after passage of the parental virus stock by acute infection of the lymphoblastoid cell line WI-L2. It is our interpretation that the mutations were generated by the lymphoblastoid cell lines in the multiple rounds of replication during the period before the infected culture stabilized. Supernatants taken early after infection of WI-L2PIII and before stabilization showed a gradual decrease in the PE ratios of the total supernatant virus, and at least onethird of the infectious virus released into the supematant at 370C was ts by 33 days postinfection. The observation that a large proportion of virus produced early after infection was mutant suggested that the appearance of ts mutants was directly associated with the establishment of the persistent infection; however, other factors may be involved as well (e.g., interferon and defective interfering particles). Although lymphoid cells may have some predilection for generating diversity in measles virus mutants, persistent infections associated with single or multiple mutations have been described recently in other virus-cell systems (16, 28) . The finding that at least two persistently infected isolates had the capability of interfering with replication of parental virus at several temperatures supports the possibility, suggested by Youngner et al. for vesicular stomatitis virus (29) , that homologous interference by mutants could represent a mechanism for maintenance of the persistent state. Homologous interference has been reported previously for ts mutants isolated from cultures persistently infected with Sindbis virus (25) and vesicular stomatitis virus (29) .
It is our hope that the availability of a panel of stable well-characterized ts mutants with low plating efficiencies and high yields will be useful for further characterization of measles virus. Biochemical analysis of the altered protein gene products of the various mutants described here is in progress in order that we may identify the polypeptide(s) coded for by mutants of each complementation group. The possibility that some mutants have altered antigenicity as described for isolates of visna (19) is also being pursued.
